Quantum mechanics has enjoyed a multitude of successes since its formulation in the early twentieth century. It has explained the structure and interactions of atoms, nuclei, and subnuclear particles, and has given rise to revolutionary new technologies. At the same time, it has generated puzzles that persist to this day.
distinct approaches. One is to assume that quantum theory is exact, but that the interpretive postulates need modification, to eliminate apparent contradictions. Many worlds, decoherent histories, Bohmian mechanics, and quantum theory as information, all fall in this category. Although their underlying mathematical formulations differ, empirically they are indistinguishable, since they predict the same experimental results as does standard quantum theory.
The second approach is to assume that quantum mechanics is not exact, but instead is a very accurate approximation to a deeper level theory, which reconciles the deterministic and probabilistic aspects. This may seem radical, even heretical, but looking back in the history of physics, there are precedents. Newtonian mechanics was considered to be exact for several centuries, before being supplanted by relativity and quantum theory, to which classical physics is an approximation. But apart from this history, there is another important motivation for considering modifications of quantum theory. This is to give a quantitative meaning to experiments testing quantum theory, by having an alternative theory, making predictions that differ from those of standard quantum theory, to which these experiments can be compared. It is not obvious that a phenomenology should exist that satisfies these requirements, but remarkably, through work over the last two decades, one does. One ingredient is the observation that rare modifications, or "hits", localizing the wave function, will not alter atomic-level coherences, but when accumulated over a macroscopic apparatus can lead to definite outcomes which differ from run to run [2] . A second ingredient is the observation that the classic "gambler's ruin" problem in probability theory gives a mechanism that can explain the Born rule governing outcome probabilities [3] , as follows. Suppose that Alice and Bob each have a stock of pennies, and flip a fair coin. If the coin shows heads, Alice gives Bob a penny, while if the coin shows tails, Bob gives Alice a penny. The game ends when one player has all the pennies and the other has none. Mathematical analysis shows that the probability of each player winning is proportional to their initial stake of pennies.
Map the initial stake into the modulus squared of the initial spin component coefficient, and one has a mechanism for obtaining the Born rule.
The combination of these two ideas leads to a definite model, called the Continuous Spontaneous Localization (CSL) model [4] , in which a Brownian motion noise term coupled to the local mass density is added to the Schrödinger equation, with a nonlinear noise squared term included to preserve wave function normalization. The standard form of this model has a linear evolution equation for the noise averaged density matrix, forbidding superluminal communication. Other versions of the model exist, as reviewed in [5, 6] , and a pre-quantum dynamics has been proposed for which this model would be a natural phenomenology [7] .
The CSL model has two intrinsic parameters. One is a rate parameter λ, with dimensions of inverse time, governing the noise strength. The other is a length r C , which can be interpreted as the spatial correlation length of the noise field. Conventionally, r C is taken as 10 −5 cm, but any length within an order of magnitude of this would do. Demanding that a pointer composed of ∼ 10 15 nucleons should settle to a definite outcome in ∼ 10
seconds or less, with the conventional r C , requires that λ should be greater than ∼ 10 −17 s −1 .
That is, requiring that measurements happen in reasonable times with a minimal apparatus places a lower bound on λ. If one requires that latent image formation in photography, rather than subsequent development, constitutes a measurement, the fact that few atoms move significant distances in latent image formation requires an enhanced lower bound for λ a factor of ∼ 10 8 larger [8] . Note that the Hubble constant is ≃ 2 × 10 −18 s −1 , so the conventional value of λ could be compatible with a cosmological origin of the noise field, which seems unlikely if λ were much enhanced.
An upper bound on λ is placed by the requirement that apparent violations of energy conservation, taking the form of spontaneous heating produced by the noise, should not be too large; the best bound comes from heating of the intergalactic medium [8] . Spontaneous radiation from atoms places another stringent bound [9] , which can however be evaded if the noise is non-white, with a frequency cutoff [10, 11] . Laboratory and cosmological bounds on λ (for r C = 10 −5 cm) are summarized in the Table. Accurate tests of quantum mechanics that have been performed or proposed include diffraction of large molecules in fine mesh gratings [12] , and a cantilever mirror incorporated into an interferometer [13] . The Table shows the current limit on λ that has been obtained to date in fullerene diffraction, and the limit that would be obtained if the proposed cantilever experiment attains full sensitivity [14] . To confront the conventional (enhanced) value of λ, one would have to diffract molecules a factor of 10 6 (10 2 ) larger than fullerenes. Reducing the numbers by 8 gives the distance of each bound from the enhanced value λ ∼ 10 −9 s −1 obtained if one assumes that latent image formation constitutes measurement. The X-ray emission bound excludes an enhanced λ for white noise, but this constraint is relaxed if the noise spectrum is cut off below 10 18 s −1 . Large molecule diffraction would confront the CSL value of λ for molecules heavier than ∼ 10 9 Daltons, and would confront the enhanced λ for molecular weights greater than ∼ 10 5 Daltons.
(The molecular diffraction bound on λ decreases as the inverse square of the molecular weight, provided the molecular radius is less than r C .)
